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Introduction
A renewed interest in the influence of ply thickness on the structural response of composite laminates, has been facilitated with the recent emergence of thinply laminates. Thin-plies are obtained through a technique which spreads fibre tows to thin and flat unidirectional tapes (Spread Tow Tape, STT) and fabrics (Spread Tow Fabric, STF) with a thickness that can be as low as 15 µm (practically two or three fibre diameters through the thickness). It has been established that thin-ply laminates are characterized by a more uniform fibre distribution and, consequently, by the absence of matrix-rich areas. This has the positive effect of suppressing subcritical matrix damage [1, 2, 3] and improving the mechanical properties of those materials in terms of first-ply failure, fatigue life and ultimate strength. In particular, thin-ply laminates exhibit superior unnotched strength in both tension and compression [1, 2, 3, 4, 5] and better fatigue resistance [1, 2, 3, 5] . On the other hand, the delay of matrix damage hinders the stress redistribution around holes or notches and consequently limits their notched resistance (because significant crack blunting does not occur). This, however, may be mitigated by designing the laminate so as to trigger specific damage mechanisms that will results in an improved notched strength [6] .
In addition to improved strength, the more uniform fibre distribution and the reduced ply thickness have the potential to influence other important physical properties, such as electrical and thermal conductivity. This would facilitate the introduction of multifunctionality in carbon fibre reinforced polymer (CFRP) composites.
It is well established that although carbon fibres are moderately conductive, their composites with non-conductive matrices are significantly less so. Thus the in-plane electrical conductivity of a unidirectional (UD) CFRP, in the fibre direction, is at least three orders of magnitude less than aluminium (10 7 S/m) [7] and five orders of magnitude less in the transverse direction (between 0.1 and 10 2 S/m). Consequently, to improve the Lightning Strike Protection (LSP) and Electromagnetic Compatibility (EMC) of aeronautical composite structures, airframers have had to resort to expanded metal foils and meshes, with the consequent increase in parasitic weight, manufacturing costs and maintenance.
Much effort has been expended by the research community to develop a viable conductive CFRP laminate which will eliminate the need for metallic meshes. One approach is to introduce carbon nanotubes (CNTs) into the CFRP, at a level well above the percolation threshold, to substantially increase the electrical conductivity of the composite [8, 9] . Essentially two ways exist to add CNTs to CFRP laminates: the first consists in infusing the carbon fibre with a CNT-loaded resin, the second in coating the fibre with CNTs.
The first method presents difficulties because the viscosity of the resin increases substantially when loaded with CNTs [10, 11] and therefore only low concentrations (≤2 wt%) of CNTs can be used. Moreover, because CNTs of any significant aspect ratio tend to filter out onto the carbon fibres (CF) and hence fail to penetrate the structure, a uniform distribution of CNTs is difficult to achieve [12] .
In the second approach, CNTs may be attached to the fibre by various techniques such as chemical grafting [13, 14, 15] , electrophoretic deposition [16, 17, 18] , fibre sizing [19] , and direct syntheses onto the fibre surface, using, for example, chemical vapour deposition (CVD) [9, 20, 21, 22 ]. An improvement in electrical conductivity was found by numerous research groups [23, 24, 25, 26, 27] .
CNT growth on CF has focused on the use of conventional tows and fabrics (hereinafter denoted as thick-ply laminates). Thin-ply CF offers several advantages over this approach in that it intrinsically enables uniform and facile penetration of catalyst and CVD reactants and growth of CNTs; it retains the scope of thin-ply advantages with respect to thick-ply; and it enables the creation of a truly hierarchical structure comprising CNT/thin-ply/thick-ply elements. In addition to the mechanical properties of the composite, this is also anticipated to improve the overall electrical conductivity, given that it is conceivable that the zone of highest resistance will be between the thick-plies.
The thin-ply approach enables the focus to remain on the thick-ply interlaminar region and the targeted and optimised enhancement of this rather than necessitating the CVD processing of the entire CF structure. Moreover, structures comprising only CNT-enhanced thin-ply are themselves anticipated to have remarkable mechanical and electrical properties. This could for example be applied to the outer surface of the airframe to enhance lightning strike protection.
In this paper we report a study of the production and electrical properties of CNT-enhanced thin-ply carbon fibre. CNTs were synthesised on UTS50S carbon fibre, and UD laminates were manufactured using both a thermosetting and a thermoplastic resin. Significant increases in transverse electrical conductivity were recorded.
Materials and methods

Sizing removal and catalyst application
Spread tow tapes of UTS50S carbon fibre, supplied by TeXtreme, were used in this investigation. The tapes had an areal weight of 32 g/m 2 and a width of 25 mm; the fibres were kept together with a polymeric binder thread that had to be removed, together with the fibre sizing, before the actual coating, in order to avoid contamination of the CVD reactor. Removing the sizing and the binder requires considerable care as the fibres will tend to lose their original position, jeopardising the quality of the manufactured laminate. It is therefore essential to minimize the manipulation of the tape and to keep the fibres in position during all the necessary steps that are needed before the CVD.
A solvent approach (acetone) was tested for removal of the sizing, however the disruption to the alignment caused by the solvent surface tension was unacceptable. Moreover, the deposition of catalyst and CNT growth was found to be less uniform. Direct pyrolysis and evaporation of the binder and sizing, however, was found to be both quick and effective, and to facilitate uniform catalyst treatment. Portions of the carbon tape, with a length of 100 mm, were cut from a supplied roll and placed on a curved plate ( Figure 1 ). The thin-ply ribbon was kept in place using Kapton tape, and heated in air at 360
• C for 60 minutes.
[ Figure 1 about here.]
After pyrolysis, a catalyst solution (iron(III) nitrate nonahydrate in iso-
propanol) was applied liberally, by pipette, to the top of the curved plate, which wetted the tape by capillary action. The plate's curvature ensured the stability of the tape while excess catalyst drained under gravity.
Trials were conducted to find the optimum parameters for a uniform and dense growth of CNTs, including catalyst concentration, age of the catalyst, time between two consecutive applications, and number of applications. It was found that the best result was obtained, by applying the catalyst, with a concentration of 0.2 mol/l, at intervals of 3.5 minutes, and repeating the process five times. Finally each sample was dried at room temperature for 15 hours and then at 95
• C for 3 hours.
CVD process
After drying, each thin-ply sample was removed carefully from the curved plate, placed on a quartz glass slide and positioned in the centre of a quartz glass CVD reactor (42 mm ID) within a 600 mm three zone split tube furnace.
After closure, the reactor was flushed with argon (1 slm) for 10 minutes then heating commenced (ambient to 700
• C in 15 minutes followed by a dwell time of 5 min). The argon was stopped and helium (1 slm) commenced (2 min)
followed by a mixture of helium (960 sccm) plus hydrogen and acetylene (each 20 sccm) [28] . At the end of the reaction time, hydrogen and acetylene were halted and helium flow continued (1 slm) for 5 minutes. The carrier gas was switched back to argon (1 slm) and the reactor rapidly cooled to room temperature. The CVD process conditions were varied in order to determine the optimum reaction time which was found to range between 10 and 15 min.
It was noted that a reaction time over 13 min, lead to rapid CNT growth rate.
Beyond 15 min, bundles of very long CNTs appear, as patches of growth break away from the CF and start growing independently ( Figure 2 ). The pattern of growth seen on the CF is typical of dense CNT forests seen on cylinders. The CNT tips attach to one another by van der Waals interactions soon after growth commences. As growth continues, the increasing circumference of the tip zone puts the connection under tension until it splits into a series of narrow radial forest zones. Growth remains uniform around the fibre circumference but CNTs are directed into the zones from then on. If the CNT growth is excessive, the structure of the thin-ply fibre tape becomes distorted and unsuitable for manufacturing composite laminates without compromising their quality. Therefore, the reaction time is not recommended to exceed 13 min.
[ In order to understand the effect of both the thermal treatment and the presence of CNTs, on the electrical conductivity, laminates were manufactured using pristine thin-ply carbon fibres (UTS50S), thin-ply after pyrolysis of the sizing (UTS50SPy), and thin-ply with directly grown CNTs (UTS50S/CNTs).
To facilitate the infusion of the fibre with CNTs, IN2 resin with slow hardener Copper foil electrodes (Alfa Aeser, 25 µm thick, 99.8% Cu) were inserted during lamination to act as electrical contacts ( Figure 5 ).
[ Figure 5 about here.]
Characterization and calculations
A Hitachi FlexSEM 1000 Scanning Electron Microscope was used to observe the morphology of CNTs.
The transverse electrical resistance of the samples was measured using a 2
probe KEITHLEY 2000 multimeter. The 2 point probe (2PP) method using large-area electrodes placed with accurate alignment and spacing was used in preference to the 4 point probe (4PP) method for the measurement of resistance.
This approach was taken as the highly anisotropic nature of the specimens risks that a slight misalignment of a linear 4PP head with respect to the fibre (itself not always perfectly straight) would cause a significant change in the measurement; and the specimen surface had resin on it which varied from point to point, making it difficult to ensure that all 4 points of the 4PP are equally contacted, a problem obviated by the insertion of area electrodes during fabrication. Prior to this approach, a great deal of effort was expended to develop a methodology for removing the resin sufficiently without damaging the specimen structure. Finally, the 4 wire or 4PP approach is necessary where contact resistance and lead wire resistance is significant compared with the resistance of the highly conductive specimen. However the resistance of specimens in our study is significantly higher than this threshold.
The geometry of the specimens is shown in Figure 6 where l refers to the length of the copper electrode in contact with the specimen and w the distance between parallel electrodes. L and T denote the longitudinal and transverse directions of the CF, respectively. The nominal values of these parameters for the two specimen types ( Figure 6 ) were l L = 25 mm, w L = 40 mm, and l T = 50 mm, and w T = 10 mm.
[ Figure 6 about here.]
The measurement of the conductance along a given direction i (with i = L, T ), G i , allows for the determination of the conductivity, σ i :
where t is the thickness of the specimen. As a measure of the electrical anisotropy, the following dimensionless parameter is used:
Since carbon fibres are conductive, σ L >> σ T , for a UD composite the parameter λ will always be much greater than unity (λ >> 1), and it will tend to 1 for the case of isotropic electrical material.
Results and discussion
Preliminary results on the conductance of the dry fibre
The effect of the pyrolysis and CNT CVD processes on the electrical resistance of the thin-ply CF tape was evaluated directly in the dry state before and after treatment. This was to facilitate development of a consistent methodology and material, and identify the level of CNT growth needed to give the most conductive tapes which were then incorporated into epoxy and PP laminates.
The transverse electrical conductance of the tape after pyrolysis (UTS50S-Py) was 6.0 mS with a standard deviation of 25% ( Figure 7 ). This relatively large variability arises from narrow gaps between the fibres that open and close as the sample is manually handled and would diminish with automation. The transverse conductance measured on three batches of UTS50S/CNT is an average of 174 mS which is equivalent to an increase of ≈2800%. Although very small in absolute terms, the % variability of and between batches is slightly lower (15%) reflecting the fact that the presence of CNTs has reduced the significance of the gaps between the fibres by providing additional or softer, more conformal contacts.
[ Figure 7 about here.] SEM analysis (Figure 8) shows that insufficient catalyst treatment results in patchy CNT growth (Figure 8(a) ) and consequently higher resistance ( Figure 9) which is reduced with a uniform CNT layer (Figures 8(b) and 9) . The CNT length varies with reaction time such that, with uniform catalyst coating, 10 minutes of growth produces a CNT layer of approximately 1 µm (Figure 6b) and 12 minutes of 2 µm (Figure 8(c) ) with the heavier growth also producing a lower resistance (Figure 9 ).
[ (Table 1) . As the samples are symmetric with respect to fibre and copper contact orientation, the conductivity can be calculated directly from the conductance and sample dimensions [29] and hence is also tabulated.
Pyrolysis of the thin-ply tape increases the conductance of the IN2 samples by about 24% to 4.2 mS although the standard deviation is increased to about 15%. However growth of CNT on the tape increased the conductance 19.5 fold to 66.2 mS compared with the pristine material, and 15.8 fold compared to the pyrolyzed tape (Table 1) . Specimens with CNTs are, on average, 2.5 times thicker than the pristine thin-ply as a consequence of the resin entrained by the nanotubes, this difference being taken into account when calculating the sample conductivity ( Table 1 ). The emphasis in this study was to ensure that the specimens were fully penetrated with resin, as the CNTs present an impediment to flow, hence the resin is present in considerable excess. Nevertheless, even taking this difference into account, the conductivity of the CNT-loaded thin-ply was 57.3 S/m or 7.5 times higher than the pristine thin-ply. If, as anticipated, the final thickness of the CNT-loaded thin-ply, within an optimised manufactured structure, is essentially that of the pristine ply, the conductivity would be 145
S/m and a 19 fold increase in conductivity would have been achieved.
[ Table 1 about here.]
Conductivity of Thin-Ply-CNT / Polypropylene System
As with the IN2 epoxy system, composite specimens were manufactured with polypropylene film using two plies of pristine thin-ply tape (UTS50S/PP), pyrolyzed tape (UTS50S-Py/PP), and tape after 12 minutes of CNT growth (UTS50S/CNT/PP). The thickness and transverse resistance were measured and transverse conductivity and conductance calculated ( Table 2 ).
The PP samples show only a slight increase in thickness as a consequence of the CNT loading, supporting the view that the IN2 epoxy system would also be largely unchanged in thickness with the inclusion of CF-grown CNT if resin loading is optimised. The pristine tape PP sample has an average conductance of 4.9 mS, fairly comparable to the value of 3.4 mS for the IN2 analogue. However the PP sample is more variable (SD 24%) due to slight random parting of carbon fibres during pressing. The PP sample with pyrolyzed thin-ply tape produces a 41% increase in conductance (to 6.9 mS) compared with pristine tape, although with similar variability.
Inclusion of CNT modified thin-ply however results in a conductance of 142.9 mS or 29 times higher than the pristine tape. For the conductivity, where sample thickness is taken into account, the thin-ply-CNT / PP conductivity (196.5 S/m) is still 28 times that of the pristine thin-ply sample (7.1 S/m). Moreover, the CNT modified sample has an SD of just 9.8% indicating that the CNTs either resist gap formation or are continuing to bridge any gaps developing between fibres during pressing.
[ Table 2 (Table 3 ). This major reduction in anisotropy is anticipated to also be manifested in the through-thickness direction and brings the creation of fully electrically isotropic carbon fibre laminates significantly closer.
[ Although the increase in electrical conductivity is at least one order of magnitude more than what is reported in literature for conventional laminates, the level of conductivity obtained is still not sufficient to provide alone an adequate LSP [7, 30] however it would substantially augment existing LSP technologies and form the basis for further improvements. The higher electrical conductivity could also be used to improve the shielding effectiveness (SE) and the ElectroStatic Discharge (ESD) efficiency, and can also help to mitigate the effects of edge glow or thermal hot spots (due also to the consequent increase of transverse thermal conductivity that is not investigated here).
The significant enhancement in transverse conductivity does not influence the longitudinal conductivity and hence the electrical anisotropy of the thin plies is drastically reduced. This improved transverse conductivity is anticipated to be reproduced in the through-thickness direction bringing fully electrically isotropic highly conductive carbon fibre reinforced polymer composites, considerably closer. 
